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Abstract.
In architectural design, data-driven processes are
increasingly utilized in creating and selecting design alternatives.
Multiple design-aid systems that support such processes exist. Still,
these systems dominantly support parametric modelling only or lack
sufficient support for organizing, scanning and comparing multiple
alternatives in the process of their creation while considering both their
forms and performance data. In this paper, we argue that (a) evaluating
and selecting potential alternatives must take place in the same context
they are created and explored, (b) interactive data visualizations can
provide real-time feedback about various aspects of design alternatives,
and they should be incorporated as early in the design process as
possible, and (c) design environment must enable comparing design
alternatives as an integral part of the design workflow. We call
our approach “comparative design analytics,” which aims to identify,
develop, and validate practical key features of visualization tools
for assisting designers in analyzing and comparing multiple solutions
with their data. We present D-CAT as a visualization prototype tool
integrated with an existing CAD application. D-CAT acts as a platform
for generating knowledge about using interactive data visualization for
comparing design alternatives. Our goal is to transfer the findings
from evaluating this interface to developing practical applications for
real-world use.
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1. Introduction
In architectural design, data-driven decision-making is gaining momentum(Kasik
et al., 2005; Bilal et al., 2016). Considering design performance has become
instrumental in generating and selecting design alternatives. We observe a general
shift towards balancing the concerns of building form and performance as early as
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possible and throughout the design life cycle (Shi, 2010; Deutsch,2015; Erhan et
al., 2020). Designers can use data to assess the degree to which they are fulfilling
their project’s objectives. (Inyim et al., 2015).
Although multiple systems have been proposed for working with design data
(Doraiswamy et al., 2015; Wang and Steenblik, 2019; Parametric Monkey,2020;
Ramboll Computational Design, 2020), we have yet to see a robust and seamless
interaction between design form exploration and performance analysis. The
specialized tools for this purpose either have a ‘high threshold’ for use in the early
phases (Shneiderman et al., 2006a) or are computationally expensive to be used in
a process parallel to design. Besides, most such systems rely on parametrically
defined models, which are less efficient for early idea exploration. These
interfaces also lack features necessary for organizing, scanning, and comparing
alternatives considering their projected performances (Woodbury,2017; Garg and
Erhan, 2019). Furthermore, data visualizations are generally overlooked or
miss form-data dependence (Hamilton and Watkins, 2008; Bilal et al., 2016;
Thelin et al., 2019). For design data analysis tasks, designers usually resort to
general-purpose or improvised data analytics tools (Vergara,2018; Bilal et al.,
2016), which force the evaluation and comparison of design alternatives to be
relatively separated from (rather than integrated with) the design process.
Working with alternative solutions is a recurring and established pattern in
design; we argue that (a) evaluating and selecting potential alternatives must take
place in the same tool-ecosystem in which they are created;(b) decision-making
must be supported by customizable interactive data visualizations that can
reveal performance and form aspects of each alternative;(c) comparing design
alternatives must be an integral part of the design process.
We put these arguments‘ plausibility to test on a prototype system composed
of design data visualizations and interfaces that we have been developing with
our industry partners as part of our ’design analytics‘ research program. We call
the prototype Design Comparative-Analytics Tool, in short D-CAT. Its primary
use case focuses on analyzing and comparing multiple directly-modelled design
models seamlessly in the same design environment. Unlike single-state models
and aligned with the discussions by Terry and Mynatt (2002); Woodbury(2017),
D-CAT supports working with and comparing multiple alternatives with their form
and performance data in the process and context of creating them. To achieve
this, D-CAT extends FlowUI developed by Erhan et al.(2020).FlowUI can analyze
non-parametric design models represented as manifold solid geometries with
custom attributes and compute their select performance data in early design phases.
FlowUI also presents computed data in real-time on a form-data visualization
dashboard for design analytics. D-CAT extends these interfaces to include
visualizations for comparing alternatives in real-time or on-demand, and without
leaving the modelling environment. This approach aims to expand the designers’
search space without the constraints of labour-intensive parametric modelling
(Davis, 2020).
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2. Background
The literature on design data analysis reveals opportunities and concerns on
how the design data is accessed and used for decision making. We emphasize
two of these concerns: the mismatch between the tool and the tasks in using
design data and the limitation of the modelling techniques such as parametric or
directly-interactive modelling for rapid feedback in design-decision making.
Design decisions rely on the analysis of design data (Danhaive and
Mueller,2015; Touloupaki and Theodosiou, 2017). However, in general, taking
advantage of these tools requires setting up parametric design models or using tools
parallel to modelling systems (Fu, 2018). Frequently used simulation programs
such as EnergyPlus (Crawley et al., 2001) and Ecotect (Roberts and Marsh,
2001)require design models to be restructured to their required computational
format. In these tools, the process of modelling, analyzing, and decision making
is discrete, and several steps of modifications and data transfer between tools are
needed to achieve the desired outcome (Shi, 2010; Erhan et al., 2020). On the
other hand, directly-modelled design models are preferred for their agility and the
low-effort required for their setup (Hanna, 2012; Megahed, 2015; Erhan et al.,
2020).
Direct modelling tools offer limited support for evaluating the
performance of the modelled alternatives (Weytjens et al., 2012; Soebarto
et al., 2015). The evaluation is implicit and only left to the designers’
interpretation(Zapata-Lancaster and Tweed, 2016; Erhan et al., 2020). To
address this issue, multiple parallel tools are proposed (Doraiswamy et al., 2015;
Wangand Steenblik, 2019; Parametric Monkey, 2020; Ramboll Computational
Design,2020; Erhan et al., 2020). A major bottleneck of these tools is that they
continue to support single-state documents, i.e. they only allow working with one
design option at a time. This limitation hinders designers from comparing the
alternatives they are exploring, for example, to identify their respective potentials
or drawbacks.
3. Developing D-CAT: Methods
In this research, we adapted the design study approach as a problem-driven
research method. It involves “analysis of a specific real-world problem faced
by domain experts, designing a visualization system that supports solving this
problem, validating the design, and reflecting about lessons learned in order to
refine visualization design guidelines.” (Sedlmair et al., 2012, p.2). We developed
and used D-CAT prototypes to generate knowledge about how design alternatives
can be compared with each other using their associated form and performance
data as an integral part of design exploration using interactive design analytics
visualizations. The D-CAT visualizations are developed in collaboration with
our industry partner, and we have evaluated them incrementally and continuously
with domain experts. Below, we summarize the initial high-level requirements
for D-CAT, which are derived from a literature review, design research, and our
discussion with experts from the industry:
• RQ1. Support the comparison of design options by visualizing both form and
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performance data in real-time or on-demand and in the same context they are
created.
• RQ2. Enable customization of visualization of concerns, e.g. including or
excluding data, selecting visualizations, toggling performance parameters on
or off to compare, ordering design options, etc.
• RQ3. Allow exploration in the modelling tool while keeping visualizations on
the locus of attention.
• RQ4. Provide support for storing, retrieving and sharing multi-state design
form and data in the modelling systems.

For system development, along with the design study method, we combined the
use-case driven and agile software development process (Beck et al., 2001)with
design-develop-evaluate cycles. This process is initiated by identifying a set of
priority use cases related to selecting and visualizing design data with domain
experts, inspecting alternatives on data visualizations, and developing a workflow
for comparing form and data. The project includes a demonstration of FlowUI and
D-CAT as a design analytics platform for decision-making and assessing its role
in the design. We will perform a formative qualitative system-evaluation through
expert review in the next phase (Creswell and Poth,2016; Tory and Moller, 2005),
which has been delayed due to COVID-19 restrictions.
D-CAT is a form of Creativity Support Tools (CST) (Shneiderman et al.,
2006a) that provides rich interactions for exploration and comparison tasks.
D-CAT’s features are designed to augment creative decision making by presenting
design form and data in a flexible structure. In current practice, general-purpose
data visualization tools are used for studying design-data. However, they are
cumbersome to integrate into the design decision-making, which is a fast, delicate,
and cognitively intense process. The interrupted information flow between the
parallel tools hinders real-time updates retrieved from the modelling environment
(RQ4). To address this external and parallel tools’ problem, D-CAT is coupled
with the modelling environment, and it separates the design tasks from the
management of design data.
We use HumanUI (Heumann, 2020) in experimenting with the interface
designs (Figure 1). The advantage of HumanUI is that it is available as an
extension to a widely used modelling environment, Rhino (McNeel, 1998), and
takes advantage of CAD’s internal model representations. It is a cost-effective
alternative for rapid prototyping with its low-threshold for rapid development
of prototype interfaces (Shneiderman et al., 2006b). Although it is limited for
low-level interface programming, it provides an ecologically valid setting as
designers and software developers use it in design practice for early prototype
development.
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Figure 1. Left: Rhino modelling environment (McNeel, 1998). Middle: FlowUI interface
(Erhan et al., 2020). Right: D-CAT interface. The three windows are integrated as our
requirements (RQ4) suggest.

4. D-CAT System Design
To address the high-level requirements we listed above and building on previous
research by Erhan et al. (2020), we developed a system architecture for D-CAT
(Figure 2). This architecture allows interactive form exploration in the CADtools
while presenting form and performance data on interactive visualizations (Gleicher
et al., 2011) (RQ4) (Figure 1).

Figure 2. FlowUI—D-CAT System Architecture.

The D-CAT is part of a modular system architecture. Its primary function
is to receive design data from an analytics module (e.g. FlowUI) for each
alternative. D-CAT retrieves and visualizes design data as synchronized 3D form
views, interactive queries on tables or charts, and customizable panels (Figure3).
However, it cannot change design models in its current implementation: the
information flow is unidirectional due to the technical difficulty we have faced
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in the system’s API, which we will address in the next phases.
5. D-CAT Interfaces and Visualizations
D-CAT’s interface facilitates diverse comparison tasks such as juxtaposed
visualization of forms, selective comparison of performance metrics,
grouped-by-alternatives or grouped-by-metrics comparisons, etc. All of which
can be performed in real-time or on-demand (Figure 4). The interface consists
of four main interaction panels (Figure 3): 1. Alternatives and PerformanceData
Selection (RQ1 and RQ3); 2. Interactive 3D Geometry Visualization(RQ2);
3. Performance Metrics Tabular View (RQ2); and 4. Performance Data
Visualizations (RQ2).

Figure 3. The four panels on the D-CAT interface.

The Alternatives and Performance Data panel provides customizable
visualization of design data (Figure 4[1]) following the selection of design options.
The system can export the comparison data to be shared with others or be further
analyzed in design navigation tools such as DesignExplorer (Thornton Tomasetti
CORE Studio, 2020) or DesignSense (Abu Zuraiq, 2020) in a parallel process.
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Figure 4. Possible interactions in the D-CAT interface based on the high-level requirements
identified for a comparative design analysis system.

Juxtaposed design models are presented in the 3D Visualization panel. We
use a colour-coded 3D form view, e.g., to indicate the associated functions of the
building blocks (Figure 4 [2]). The Tabular Data View provides an overview of the
selected performance metrics in a list with selectable data items [3]. The bottom
panel (Figure 4, [4]) is composed of customizable visualizations such as bar charts,
parallel coordinates plot, line chart, etc. (Figure 5).

Figure 5. Top: Bar charts combining design options; Bottom: Bar charts showing the select
performance metrics for each option.

6. Discussion and Conclusions: Thoughts on Comparative Design Analytics
This paper mainly argues a mismatch between the tasks and tools for working
with multiple design alternatives, especially for comparison tasks considering
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alternatives forms and performance data. This mismatch creates a significant
bottleneck in the design workflow. Hence, we should focus on searching for
a new set of tools specifically designed to augment designers’ capabilities for
exploring multiple alternatives informed by data as early as possible in the design
workflow. These tools should be developed and tested to replace the improvised
and often scattered generic tools. D-CAT is an attempt towards achieving this goal.
Although in its early stage, we plan to use it as a platform for learning more about
the tasks and tool features required to streamline the exploration, comparison, and
improvements of design alternatives.
We have identified the high-level requirements for such systems. The
validation of these requirements will need further testing of D-CATvisualizations
with designers working on real-world cases. We emphasize that the identified
shortcomings of D-CAT interfaces are not necessarily reflections of the ideas
behind them but most likely the design-choices we made in their implementation
(Sedlmair et al., 2012). Therefore, we will continue developing different D-CAT
versions to gradually generate knowledge around how such systems improve
design-decision making. The iterative cycles of develop-test-reflect, which we
adopted as part of the design study methodology, is proven to be effective in
other domains relying on new interactive visualization solutions. Evaluation of
design data visualization systems has two aspects to consider: the interface design
decisions and the novel tasks proposed through these interfaces (Lam et al., 2012).
In the next phase, we will conduct an expert review (Tory and Moller, 2005) as
a formative evaluation of D-CAT with respect to predefined criteria on both the
tasks and the visualizations supporting these tasks. This review is expected to
reveal the concerns to be addressed in the following iterations as future work. We
also plan to test the functional features of D-CAT in practice in collaboration with
our industry partners.
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